Journal  of  Power  Sources  225  (2013)  293-303 


ELSEVIER 


Contents  lists  available  at  SciVerse  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


P  r*! 

Sbb..«ltS 


Influence  of  the  composition  of  isopropyl  alcohol/water  mixture  solvents  in 
catalyst  ink  solutions  on  proton  exchange  membrane  fuel  cell  performance 

Trung  True  Ngoa,  T.  Leon  Yua'b'*,  Hsiu-Li  Lina  b 

a  Department  of  Chemical  Engineering  &  Materials  Science,  Yuan  Ze  University,  Chung-Li,  Taoyuan  32003,  Taiwan 
hFuel  Cell  Center,  Yuan  Ze  University,  Chung-Li,  Taoyuan  32003,  Taiwan 


HIGHLIGHTS 


►  Pt  surface  area  increases  with 
decreasing  IPA  content  of  catalyst 
solution. 

►  Fuel  cell  performance  increases  with 
decreasing  IPA  content  of  catalyst 
solution. 

►  Pt  surface  area  depends  on  solu¬ 
bility  parameter  of  catalyst  ink 
solvent. 
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We  study  the  morphology  of  Nafion  in  the  dilute  IPA  (isopropyl  alcohol)/water  mixture  solutions 
containing  20—100  wt.%  of  IPA  and  in  the  Pt— C/Nafion  gas  diffusion  electrodes  (GDEs;  where  Pt— C  is  the 
carbon  powder  deposited  on  its  surface  with  Pt  particles),  which  are  prepared  by  spraying  on  the 
carbon  paper  surfaces  with  a  layer  of  Pt— C,  Nafion  and  IPA/water  ink  solution.  The  fuel  cell  performance 
of  the  GDEs  strongly  depends  on  the  Nafion  morphology  in  the  ink  solutions.  A  lower  IPA  content  in  the 
Pt— C/Nafion  ink  solutions  results  in  the  formation  of  larger  and  higher  negatively  charged  Nafion 
aggregated  particles,  which  leads  to  higher  steric  hindrance  of  the  deposition  of  Nafion  ionomer  on  the 
surface  of  Pt— C  particles  and  thus  a  thinner  Nafion  film  in  contact  on  the  Pt— C  particle  surfaces.  The 
thinner  Nafion  film  in  contact  with  the  Pt  particles  in  the  CL  increases  the  chances  of  the  Pt  particles  in 
contact  with  the  H2/02  gas,  leading  to  a  higher  fuel  cell  performance. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Nafion  (a  trade  name  of  Du  Pont)  is  an  ionomer  with  a  chemical 
structure  that  consists  of  a  hydrophobic  perfluorocarbon  backbone 
(— [(CF2— CF2)x- (CF2— CF)y] — )  and  hydrophilic  sulfonated  vinylether 
side  chains  (-0CF2-CF(CF3)-0-CF2-S03H)  [1-4].  It  is  an  indis¬ 
pensable  part  of  the  proton  exchange  membrane  (PEM)  and 
a  component  of  the  catalyst  ink  solutions  used  in  fabricating  the 
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membrane  electrode  assemblies  (MEAs)  of  proton  exchange 
membrane  fuel  cells  (PEMFCs)  [5,6].  A  high-performance  MEA 
requires  a  combination  of  effective  contact  at  the  three-phase 
boundary,  high  Pt  (platinum)  catalyst  utilization,  good  proton 
conduction,  and  facile  H2  and  02  reactants  and  water  product 
transport  to  and  from  Pt  active  sites  in  the  catalyst  layer  (CL).  A 
Nafion  ionomer  in  the  CL  helps  to  increase  the  three-dimensional 
zone  of  catalytic  activity.  Nafion  serves  as  the  physical  binder  and 
proton  conductor  in  the  CLs  and  facilitates  the  molecular  interac¬ 
tion  among  the  Pt  particles;  the  Nafion  ionomer  may  also  play  a  key 
role  in  determining  the  final  microstructure  and  properties  of  the 
CLs  [7].  The  catalyst  ink  solutions  for  MEA  fabrications  consist  of 
Pt-C  (Pt  on  a  carbon  powder  support),  the  Nafion  ionomer,  and 
solvents.  The  molecular  interactions  of  the  Nafion  ionomer  and  the 
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solvents  control  the  Nation  molecular  conformations  in  the  solu¬ 
tions  and  thus  the  final  microstructure  of  Nation  in  the  CLs.  Thus,  it 
is  important  to  understand  the  Nation  solution  properties  to  obtain 
a  high  performance  MEA. 

Several  studies  have  been  devoted  to  the  properties  of  Nation 
solutions  as  well  as  the  morphology  of  Nation  ionomers  in  dilute 
solutions  containing  various  solvents  [8-18].  Alcohol/water 
mixture  solvents,  especially  isopropyl  alcohol  (IPA)  and  water 
mixtures,  are  the  most  common  solvents  used  in  preparing  catalyst 
ink  solutions.  The  structures  of  Nation  ionomers  in  water  and 
methyl  alcohols  have  been  investigated  using  small  angle  neutron 
scattering  (SANS),  small  angle  X-ray  scattering  (SAXS),  and  electron 
spin  resonance  (ESR)  for  Nation  concentrations  ranging  from  1  to 
22  wt.%  [8-13].  The  results  showed  that  Nation  hydrophobic  per- 
fluorocarbon  backbones  aggregated  and  formed  compact  cylinders 
in  solvents,  with  the  hydrophilic  sulfonated  vinylether  side  chains 
surrounding  the  surfaces  of  the  aggregated  cylinders  and  in  contact 
with  the  solvents.  Dynamic  light  scattering  (DLS)  investigations 
have  been  carried  out  in  dilute  Nafion/ethanol— water  (ethanol/ 
water  =  50/50  vol  ratio)  [14],  Nafion/water  [15],  and  Nation/ 
methanol- water  (methanol/water  =  4/1  wt.  ratio)  solutions  [16]. 
Two  modes  of  Nation  particle  size  distribution  were  found.  The 
authors  attributed  these  two  aggregates  to  the  hydrophobic  inter¬ 
polymer  fluorocarbon  backbone  interactions  and  the  hydrophilic 
inter-polymer  vinylether  sulfonic  acidic  ion  pair  interactions.  The 
morphology  of  commercial  Nation  membranes  has  also  been 
investigated  using  SAXS  and  SANS  [18-31],  wide  angle  X-ray 
diffraction  [20,24,25,28],  atomic  force  microscopy  [30,31],  and 
electron  microscopy  [30,31].  The  SAXS  and  SANS  data  reveal  that 
the  Nation  membranes  are  composed  assemblies  of  bundles  of 
fibrils,  which  correspond  to  elongated  polymeric  aggregates  sur¬ 
rounded  with  ionic  charges.  Most  of  the  commercial  Nation 
membranes  were  obtained  from  Du  Pont  Co.  and  were  prepared  by 
extrusion.  Few  studies  in  the  literature  have  reported  on  the 
molecular  morphology  of  Nation  solution  casting  membranes  and 
CLs  fabricated  using  Nafion/Pt-C  ink  solutions.  The  influence  of 
solvents  of  the  Pt-C/Nafion  catalyst  ink  solutions  on  the  Nation 
thin  film  morphology  of  CLs  and  on  the  fuel  cell  performance  is  still 
not  clear  to  us. 

There  are  three  CL  processing  methods,  i.e.,  decal  method  [32], 
gas  diffusion  layer  (GDL)-based  method  [33],  and  membrane-based 
or  catalyst-coated  membrane  (CCM)  method  [34]  have  been  re¬ 
ported  in  literature.  Uchida  et  al.  [33]  and  Shin  et  al.  [35]  prepared 
electrodes  using  GDL-based  method  and  reported  that  the  dielectric 
constant  e  of  solvent  used  for  the  Pt-C/Nafion  catalyst  ink  solutions 
determines  the  state  of  the  Nation  ionomer  in  the  solutions. 
Depending  on  the  e  value,  the  Nation  solvent  mixture  can  be  in  the 
form  of  solution  (r  >  10),  colloids  (10  >  e  >  3),  and  precipitates 
(r  <  3).  Fuel  cell  performance  and  electrochemical  analyses  revealed 
that  the  electrode  prepared  by  a  colloidal  method  had  a  better 
results  compared  to  those  of  the  solution  method.  These  authors 
mentioned  that  the  colloidal  method  appeared  to  secure  continuity 
of  the  ionomer  network  and  higher  porosity  in  the  CL,  resulting  in 
higher  proton  conductivity,  less  mass  transfer  resistance,  and  higher 
fuel  cell  performance.  The  effect  of  the  organic  solvents  with  various 
e s,  including  isopropyl  alcohol,  ethanol,  methanol,  amyl  alcohol, 
acetone,  ethylene  glycol,  1,2  propylene  glycol,  1,3  propylene  glycol, 
diethyl  oxalate,  dimethyl  ether,  ethylene  glycol  diethyl  ether,  water/ 
ethylene  glycol  mixture,  butyl  acetate/glycerol  mixture,  ethanol/ 
glycerol  mixture,  isopropyl  alcohol/glycerol  mixture,  water/glycerol 
mixture  etc.,  on  the  structure  of  CLs  and  the  fuel  cell  performance  of 
MEAs  were  further  studied  by  using  decal  [36,37],  GDL-based 
[38,39],  and  CCM  [40]  processing  methods.  All  these  papers  dis¬ 
cussed  the  morphology  of  CLs  and  the  fuel  cell  performance  of  MEAs 
based  on  the  e  value  of  the  solvent  of  catalyst  ink  solutions. 


Nation  has  been  reported  to  possess  dual  solubility  parameters 
<5s ,  i.e.  <5i  =  9.7  cal0,5  cm-1,5  for  the  perfluorocarbon  backbone  and 
62  =  17.3  cal0,5  cm-1,5  for  the  sulfonated  vinylether  side  chains  [41  ]. 
In  previous  work  [16—18],  we  showed  the  morphology  of  Nation 
ionomer  in  the  dilute  solutions  and  in  the  solution  casting 
membranes  depends  not  only  on  the  e  but  also  on  the  5  of  the 
solvents.  However,  the  study  of  the  influence  of  5  of  the  solvent  of 
catalyst  ink  solution  on  the  morphology  of  Nation  ionomer  in  CLs 
and  the  fuel  cell  performance  have  not  been  reported  in  literature. 
Alcohol/water  mixture  solvents,  especially  isopropyl  alcohol  (IPA) 
and  water  mixtures,  are  the  most  common  solvents  used  in 
preparing  catalyst  ink  solutions.  The  physical  properties  of  Nation 
in  IPA/water  mixture  solutions  as  a  function  of  their  compositions 
have  rarely  been  investigated  and  discussed;  thus,  the  optimum 
IPA/water  wt.  ratio  of  the  catalyst  ink  solutions  for  the  MEA  CL 
fabrication  remains  unclear.  In  this  work,  we  examine  how  the 
composition  of  the  IPA/water  mixture  solvents  influences  the 
morphology  of  Nation  molecules  in  the  solutions,  the  properties  of 
the  Pt-C/Nafion  (where  Pt-C  is  the  carbon  powder  with  38  wt.%  Pt 
particles  deposited  on  its  surface)  catalyst  ink  solutions,  and  the 
Pt-C/Nafion  microstructures  of  the  CLs  prepared  by  using  GDL- 
based  method.  The  morphology  of  Nation  ionomers  in  the  IPA / 
water  mixture  solutions  with  various  IPA  concentrations  (r  >  10)  is 
observed  and  discussed  based  on  the  inter-molecular  hydrogen 
bonding,  e s,  and  <5s  of  the  mixture  solvents.  The  results  were 
correlated  with  the  Pt  electrochemical  active  surface  areas  (ECS As) 
of  the  CLs  and  their  performance  in  fuel  cells,  in  an  attempt  to 
correlate  the  composition  of  the  IPA/water  mixture  solvent  of  the 
Pt-C/Nafion  ink  solutions  with  the  Pt  ECSAs  in  the  CLs  and  with 
the  fuel  cell  performance.  The  main  purpose  of  this  study  is  to  find 
the  optimum  IPA/water  composition  of  the  Pt— C/Nafion  ink  solu¬ 
tions  for  CL  fabrication  and  MEA  preparation. 

2.  Experimental 

2  A.  Viscosity  of  IPA/water  mixture  solvents 

The  flow  times  of  the  IPA  (reagent  grade,  J.T.  Baker)/water 
mixture  solutions  with  the  IPA  concentration  varied  from  0.0  wt.%  to 
100.0  wt.%  were  measured  at  25  °C  using  an  Ubbelohde  viscometer. 
The  viscosity  of  each  mixture  solution  was  calculated  from  its  flow 
time,  using  the  viscosity  of  pure  water  (i.e.,  0.890  cP  at  25  °C)  as 
reference  [42].  The  data  were  averaged  over  3  measurements. 

2.2.  Nafion  solutions  preparation 

A  commercial  Nafion  solution  (Du  Pont  Co.,  sulfonic  acid 
equivalent  weight  of  Nafion  =  ~  1100  g  equiv-1 )  containing  20  wt.% 
of  Nafion  and  80  wt.%  of  aliphatic  alcohol  and  water  mixture 
solvent  was  heated  at  60  °C  (below  Tg=  ~  105  °C  of  Nafion)  under 
ambient  pressure  for  1  h  and  then  at  60  °C  under  vacuum  for  48  h  to 
obtain  a  solid  Nafion  resin.  The  solid  Nafion  resin  was  then  dis¬ 
solved  in  a  series  of  IPA/water  mixture  solvents,  in  which  the  IPA 
concentration  was  varied  from  20  wt.%  to  100  wt.%,  to  prepare 
Nafion  solutions.  A  total  of  9  Nafion  solutions  (in  which  the  solvent 
compositions  were  [IPA]/[IPA  +  water]  =  100,  80,  70,  60,  55,  50, 45, 
40,  and  20  wt.%)  were  prepared.  All  of  the  solutions  had  a  Nafion 
concentration  of  0.6  mg  mL-1. 

2.3.  Dynamic  light  scattering  (DLS)  of  dilute  Nafion  solutions 

DLS  hydrodynamic  radius  (fth)  distribution  measurements  of 
0.6  mg  mL-1  Nafion  in  IPA/water  mixture  solutions  with  various  IPA 
concentrations  were  carried  out  with  a  256-channel  autocorrelator 
(model  BI9000,  Brookhaven  Co.)  at  25  °C.  An  Ar  ion  laser 
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(wavelength  of  514  nm,  operated  at  100  mW,  Spectra  Physics)  was 
used,  and  the  scattering  angle  was  6  =  60°. 

2.4.  Transmission  electron  microscope  (TEM)  observations 

The  morphology  of  Nation  molecules  in  dilute  solutions  was 
observed  using  a  JEM-2100  (HR)  TEM  at  an  accelerating  voltage  of 
80  kV.  The  sample  of  each  Nation  solution  prepared  as  described  in 
Section  2.2  was  freeze  dried  on  a  copper  grid  with  a  200-mesh 
carbon  film  (CF200-Cu,  Electron  Microscopy  Sciences,  Inc.,  PA) 
sample  holder  to  fix  the  morphology  of  the  Nation  molecules 
similarly  to  that  in  the  dilute  solution.  The  copper  grid  was  floated 
on  the  top  surface  of  a  drop  of  0.6  mg  mL-1  Nation  solution  for 
12  h.  Thus,  a  thin  film  of  Nation  solution  covered  the  surface  of  the 
copper  grid.  The  copper  grid  with  the  thin  film  of  Nation  solution 
was  immediately  frozen  in  a  liquid  nitrogen  container  at  -190  °C 
for  4  h.  The  solvent  of  the  frozen  Nation  thin  film  on  the  copper 
grid  surface  was  dried  under  vacuum  at  -130  °C  for  5  h.  The 
copper  grid  with  the  dried  Nation  film  on  its  surface  was  then 
immersed  in  a  0.5  M  Pb(NOs)2  (Aldrich  Chemical  Co.)  aqueous 
solution  for  10  min  to  stain  the  sulfonic  acid  groups  of  Nation  and 
dried  at  room  temperature.  The  copper  grid  was  then  rinsed  with 
deionized  water  to  clean  the  residual  Pb(N03)2  and  dried  at  room 
temperature. 

2.5.  Catalyst  ink  solution  preparation 

The  same  solid  Nation  resin  prepared  as  described  in  Section  2.2 
was  used  for  the  preparation  of  catalyst  ink  solutions.  The  Pt-C 
catalyst  (38  wt.%  Pt  content,  Johnson  Matthey),  Nation,  and  IPA/ 
water  mixture  solvents  with  IPA  concentrations  ranging 
from  20  wt.%  to  80  wt.%  were  mixed  by  sonication  for  at  least  48  h  at 
room  temperature  to  obtain  homogeneous  ink  solutions. 
The  wt.  ratio  ofPt-C/Nafion  was  2.3/1,  and  the  concentration  of  [Pt- 
C  +  Nation]  in  each  ink  solution  was  -1.0  wt.%.  A  total  of  8  catalyst 
ink  solutions  were  prepared. 

2.6.  Pt-ECSA  measurements  for  Pt-C/Nafion  gas  diffusion 
electrodes  (GDEs) 

The  catalyst  ink  solutions  containing  various  concentrations 
of  IPA  prepared  as  described  in  Section  2.5  were  used  to  prepare 
Pt-C/Nafion  GDE  samples  by  spraying  each  Pt— C/Nafion  ink 
solution  onto  a  2  x  1  cm2  gas  diffusion  layer  (GDL;  10BC  carbon 
papers,  SGL  Co.)  using  an  ultrasonic  spray  coating  system  (SonoTek 
Co.,  NY).  After  fabrication,  the  GDE  with  a  CL  on  its  surface  was  air- 
dried  at  —  80  °C  for  2  h  and  then  at  —  80  °C  under  vacuum  for 
30  min.  The  final  wt.  ratio  of  [Pt-C]/[Nafion  solid  resin]  on  the  GDE 
was  -2.3/1.  The  Pt  loading  for  each  sample  was  0.1  mg  cm-2.  ECSA 
measurements  were  performed  using  a  three-electrode  system.  A 
saturated  calomel  electrode  (SCE)  was  used  as  a  reference  elec¬ 
trode,  platinum  wire  as  a  counter  electrode,  and  the  GDE  as 
a  working  electrode.  The  measurements  were  carried  out  in  a  0.5  M 
H2S04  solution  using  cyclic  voltammetry  (CV;  CHI611C  Electro¬ 
chemical  Analyzer,  CH  Instruments)  with  a  scan  rate  of  50  mV  s-1 
versus  a  normal  hydrogen  electrode  (NHE)  at  25  °C.  During  testing, 
the  working  electrode  was  fed  with  humidified  N2  at  40  psi  of 
pressure.  The  specific  ECSA  was  calculated  using  the  following 
equation  [43,44]: 

ECSA  =  Qh/ (m  x  qH)  (1) 

where  Qh  is  the  charge  exchanged  during  the  electro-adsorption  of 
H2  on  Pt,  m  the  amount  of  Pt  loading,  and  qH  (210  mC  cm-2)  the 
charge  required  for  monolayer  adsorption  of  H2  on  Pt  surfaces. 


2.7.  Field  emission  scanning  electron  microscopy  (FESEM)  of  Pt—C/ 
Nafion  GDEs 

The  same  samples  prepared  in  Section  2.6  for  Pt-ECSA 
measurements  were  used  for  the  FESEM  observations,  which 
were  performed  with  JEOL  model  JSM-6701F,  operated  at  10  kV. 

2.8.  MEA  preparation 

Nafion-212  membranes  (Du  Pont)  were  used  to  fabricate  MEAs. 
Before  MEA  preparation,  the  Nafion-212  membrane  was  treated  at 
85  °C  in  5  wt.%  H2O2  aqueous  solution  for  1  h,  followed  by  treat¬ 
ment  in  distilled  water  for  1  h,  in  0.5  M  H2S04  solution  at  85  °C  for 
1  h,  and  subsequently,  in  distilled  water  for  15  min.  Eight  Pt-C / 
Nafion  catalyst  ink  solutions  with  the  IPA/water  mixture  solvents 
containing  20,  40,  45,  50,  55,  60,  70,  and  80  wt.%  IPA  were  used  for 
anode  and  cathode  CL  fabrications.  The  fabrication  procedures  were 
same  as  those  used  in  preparing  ECSA  measurement  samples  as 
described  above.  The  active  area  of  each  electrode  was 
3.5  x  3.5  cm2.  The  final  wt.  ratio  of  [Pt-C]/[Nafion  solid  resin]  on 
the  GDL  was  -2.3/1 ;  the  Pt  loadings  on  the  anode  and  cathode  CLs 
were  0.2  mg  cm-2  and  0.4  mg  cm-2,  respectively.  The  Nafion-212 
membrane  was  sandwiched  between  the  anode  and  cathode 
electrodes  and  hot  pressed  at  50  kg  cm-2  at  130  °C  for  30  s  and  then 
at  100  kg  cm-2  for  60  s.  A  total  of  eight  MEAs  were  prepared  in  this 
work. 

2.9.  Unit  fuel  cell  tests  and  impedance  measurements 

The  performances  of  the  PEMFC  unit  cells  of  MEAs  prepared  as 
described  above  (MEA  preparations)  were  tested  under  ambient 
pressure  using  a  Model  850e  Fuel  Cell  Test  System  (Scribner 
Associates,  Inc.).  The  anode,  cathode,  and  cell  temperatures  were  all 
80  °C.  The  input  H2  and  O2  flow  rates  were  both  500  mL  min-1  with 
100%  RH.  The  cell  was  activated  at  80  °C  and  at  a  constant  voltage  of 
0.6  V  for  10  min  and  then  at  open  circuit  for  3  min;  subsequently,  at 
a  constant  voltage  of  0.4  V  for  10  min  and  then  at  open  circuit  for 
3  min  to  enhance  humidification  and  activation  of  the  MEA.  The 
above  activation  procedure  was  repeated  for  at  least  17  cycles 
before  each  i—V  curve  measurement  was  carried  out.  The  i—V 
curves  were  obtained  by  measuring  the  current  density  i  with  the 
step  decrement  of  voltage  at  an  interval  of  0.05  V;  each  measure¬ 
ment  lasted  for  30  s.  The  impedances  of  the  MEAs  were  measured 
using  the  same  fuel  cell  test  system.  The  frequency  response 
analyzer  was  a  Model  850e  Fuel  Cell  Test  System  (Scribner  Asso¬ 
ciates,  Inc.).  The  potential  state  was  kept  at  i  =  1000  mA  cm-2,  and 
the  scanning  frequency  was  from  104  Hz  to  0.1  Hz. 

3.  Results  and  discussion 

3 A.  Densities  and  viscosities  of  IPA/water  mixture  solvents 

The  densities  and  viscosities  of  the  IPA/water  mixture  solvents 
with  various  IPA  contents  were  measured  at  25  °C.  Fig.  1  shows  the 
variations  in  the  density  and  viscosity  of  the  mixture  solvents 
against  the  [IPA] /[IPA  +  water]  wt.  ratio.  Interestingly,  the  density 
and  viscosity  of  the  mixture  solvents  do  not  change  linearly  with 
the  IPA/ [IPA  +  water]  wt.  ratio.  The  viscosity  data  show  a  parabolic 
curve  with  maximum  viscosity  at  an  [IPA]/[IPA  +  water]  wt.  ratio  of 
-0.55,  which  corresponds  to  a  [water]/[IPA]  molar  ratio  of  -3/1. 
Similar  viscosity  data  from  the  binary  mixture  of  water  and  alcohol 
had  also  been  reported  by  Nagasawa  et  al.  [45],  Gonzalez  et  al.  [46], 
and  Li  et  al.  [47].  Water  and  alcohol  are  polar  compounds;  thus, 
the  self-association  and  inter-molecular  association  through  the 
hydrogen  bonding  of  these  two  compounds  may  have  great 
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Fig.  1.  Density  (O)  and  viscosity  (□)  of  the  IPA/water  mixture  solvents  vs.  IPA/ 
[IPA  +  water]  wt.  ratio  at  25  °C.  The  dashed  line  indicates  the  density  data  calculated 
from  the  linear  combination  of  densities  of  the  pure  IPA  and  pure  water. 

influences  on  the  viscosity  and  density  of  the  mixture  solvents.  The 
density  and  viscosity  data  suggest  that  there  is  a  strong  hydrogen 
bonding  interaction  between  the  IPA  and  water  molecules,  which 
leads  to  mixture  solvent  densities  and  viscosities  larger  than  those 
calculated  from  the  linear  combinations  of  the  pure  IPA  and  pure 
water  densities  and  viscosities,  respectively.  The  maximum  number 
of  water  molecules  bound  on  each  IPA  molecule  is  around  3,  i.e.,  the 
water/IPA  molar  ratio  is  around  3/1  (Fig.  2).  Nagasawa  et  al.  [45] 
suggested  that  the  alcohol  molecule  is  caged  inside  the  H-bond 
network  of  water  molecules  at  a  water/alcohol  molar  ratio  higher 
than  that  of  the  maximum  viscosity  and  density  (i.e.,  [water]/ 
[IPA]  >  3/1  molar  ratio).  As  the  alcohol  content  of  the  alcohol/water 
mixture  solvent  becomes  higher  than  that  at  the  maximum 
viscosity  and  density  (i.e.,  [water]/[IPA]  <  3/1  molar  ratio),  alcohol 
clusters  start  to  form  and  break  the  water  H-bond  network  struc¬ 
ture,  leading  to  lower  viscosity  for  the  mixture  solvents  with  an 
alcohol  fraction  higher  than  that  at  the  maximum  viscosity  and 
density. 

3.2.  TEM  and  DLS  studies  of  the  dilute  Nafion-IPA/water  solutions 

The  dilute  Nation  IPA/water  solutions  were  frozen  at  -190  °C  and 
then  dried  under  vacuum  at  -130  °C  on  the  surface  of  the  TEM 
copper  grid  sample  holder  to  fix  the  conformations  of  the  Nation 
molecules  similarly  to  those  in  the  dilute  solutions.  Fig.  3  shows  the 
TEM  micrographs  (magnitude  2  x  104)  of  the  Nation  molecular 
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Fig.  2.  The  hydrogen  bonding  interactions  (i.e.,  the  dotted  lines  in  the  graph)  between 
the  water  and  IPA  molecules.  Each  IPA  molecule  is  bound  by  3  water  molecules  when 
the  [water]/[IPA]  mole  ratio  of  the  mixture  solvent  is  larger  than  3/1. 


morphology  frozen  from  the  0.6  mg  mL-1  Nation  IPA/water  solutions 
containing  various  concentrations  of  IPA;  higher  magnitude  (1  x  105) 
TEM  micrographs  of  Nation  IPA/water  solutions  containing  20,  55, 
and  80  wt.%  IPA  are  also  shown  in  Fig.  3.  These  TEM  micrographs 
clearly  show  that  there  are  small,  compact  primary  Nation  particles 
in  the  solutions.  When  the  IPA  concentration  of  the  IPA/water 
mixture  solvent  is  in  the  range  of  20-70  wt.%,  these  small, 
compact  particles  have  rod-like  structures  with  rod  lengths  of 
around  30-150  nm  and  tend  to  aggregate  to  form  larger  loose 
secondary  clusters  with  sizes  of  around  100-300  nm  (Fig.  3a— c  and 
a').  However,  the  structure  of  the  small,  compact  particles  changes 
from  rod-like  to  coil-like,  and  the  particle  number  and  size  of  the 
loose  secondary  aggregated  clusters  decrease  as  the  IPA  concentra¬ 
tion  of  the  IPA/water  mixture  solvent  is  increased  from  70  wt.%  to 
100  wt.%  (Fig.  3g-i  and  h').  The  sizes  (or  rod  lengths)  of  the  primary 
compact  particles  increase  from  —  30  nm  to  —150  nm  as  the  IPA 
concentration  of  the  mixture  solvent  increases  from  20  wt.% 
to  55  wt.%  and  then  decrease  from  -150  nm  to  -20  nm  as  the 
IPA  concentration  of  the  IPA/water  mixture  solvent  increases 
from  -  55  wt.%  to  100  wt.%.  The  micrographs  also  show  that  the  sizes 
of  the  loose  secondary  aggregated  clusters  and  the  number  of  small, 
compact  primary  particles  within  each  loose  secondary  cluster 
decrease  with  the  increasing  IPA  concentration  of  the  mixture 
solvents. 

The  morphology  of  Nation  molecules  in  dilute  IPA/water  solu¬ 
tions  was  further  investigated  using  DLS.  Fig.  4  illustrates  the  DLS 
hydrodynamic  radius  (i.e.,  Rh)  distributions  of  the  Nation  molecules 
in  various  IPA/water  mixture  solutions  and  shows  two  modes  of 
Nation  particle  size  distributions.  Because  DLS  observes  the  Nation 
particles  in  solutions,  in  which  the  particles  are  swollen  with 
solvents,  and  TEM  observes  the  Nation  particles  in  a  dry  state 
without  solvents,  the  sizes  of  the  Nation  particles  observed  under 
DLS  are  larger  than  those  observed  under  TEM.  The  DLS  small 
particle  mode  has  RhS  of  less  than  100  nm,  which  corresponds  to 
the  small,  compact  primary  particles  observed  in  the  TEM  micro¬ 
graphs.  The  Rhs  of  these  small  primary  particles  increase  when  the 
IPA  concentration  of  the  IPA/water  mixture  solvents  is  increased 
from  20  wt.%  to  55  wt.%  and  then  decrease  when  the  IPA  concen¬ 
tration  is  increased  from  55  wt.%  to  100  wt.%.  The  DLS  large  particle 
mode  has  a  Rh  distribution  of  around  100-400  nm,  which  corre¬ 
sponds  to  the  Nation  large  loose  secondary  aggregated  clusters 
observed  in  the  TEM  micrographs.  The  sizes  of  these  large 
secondary  clusters  decrease  when  the  IPA  concentration  of  the  IPA/ 
water  mixture  solvent  is  increased.  These  results  are  similar  to 
those  observed  in  the  TEM  micrographs  (Fig.  3). 

3.3.  Nafion  molecular  morphology  in  dilute  IPA/water  solutions 

In  this  section,  we  discuss  the  Nafion  molecular  morphology  in 
dilute  IPA/water  solutions  containing  various  IPA/water  composi¬ 
tions.  The  discussion  is  based  on  the  <5s,  £S,  and  the  densities  and 
viscosities  of  the  mixture  solvents  shown  in  Section  3.1. 

3.3.1  Solubility  parameters  and  dielectric  constants 

The  two  chemical  compositions  of  Nafion,  i.e.,  hydrophobic  per- 
fluorocarbon  backbone  (<5i  =  9.7  cal0,5  cm-1,5)  and  hydrophilic 
sulfonated  vinylether  side  chains  (^  =  17.3  cal0,5  cm-15),  are 
incompatible.  The  variations  in  the  Nafion  molecular  morphology  in 
dilute  solutions  observed  in  TEM  and  DLS  studies  can  be 
explained  using  the  <5,  r,  and  inter  IPA-water  molecular 
hydrogen  bonding  interaction  in  the  solutions.  Since  the  Nafion 
fluorocarbon  backbones  and  vinylether  sulfonic  acid  side  chains  are 
not  compatible,  the  aggregation  of  Nafion  molecules  and  the 
formation  of  compact  primary  aggregated  particles  in  the  solutions 
cannot  be  attributed  to  their  interactions  but  rather  to  associations 
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Fig.  3.  TEM  micrographs  (a-i,  magnitude  2  x  104,  scale  bar  100  nm;  a',  e\  and  h\  magnitude  xlO5,  scale  bar  20  nm)  of  Nafion  molecular  morphology  of  0.6  mg  mL  1  Nation  in  IPA/ 
water  solutions  after  freeze  drying.  The  wt.%  of  IPA  in  the  IPA/water  mixture  solvents  is  indicated  in  each  micrograph. 


either  via  the  inter-polymer  fluorocarbon  backbone  interactions  or 
via  the  inter-ionic  interactions  of  two  polymer  side  chain 
negatively  charged  -SO3  groups  with  positively  charged  H30+  ions, 
i.e.,  ~S03  •••[H^O]  -  _03S~.  Because  of  the  negative  charge  repul¬ 
sion  of  the  side  chain  vinylether  — SO3  groups,  the  inter-polymer 
fluorocarbon  backbone  associations  dominate  the  formation  of 
Nafion  compact  primary  aggregated  particles,  which  depends  on  the 
compatibility  of  the  solvent  with  the  Nafion  fluorocarbon  backbones. 
The  less  compatible  the  solvent  is  with  the  Nafion  fluorocarbon 
backbones,  the  larger  the  primary  aggregated  particles.  The  associ¬ 
ation  of  the  Nafion  fluorocarbon  backbones  in  the  solutions  causes 
the  fluorocarbon  backbones  to  be  located  within  the  primary 
aggregated  particles  with  the  negatively  charged  vinylether  sulfo¬ 
nate  chains  surrounding  around  the  surfaces  of  the  primary  aggre¬ 
gated  particles  [11,12].  Thus,  the  inter-polymer  vinylether  sulfonate 
interactions,  i.e.,  ~SC>3 •••[H^O]- ••  O3S ~,  dominate  the  associations 
of  the  compact  primary  particles  and  the  formation  of  the  loose 
secondary  clusters.  The  inter-polymer  vinylether  sulfonate  side 
chain  interactions  depend  on  the  compatibility  of  the  solvent  with 
the  vinylether  sulfonate  side  chains  and  on  the  £  of  the  solvent,  which 
determines  the  degree  of  dissociation  of  the  -SO3H  groups  and  thus 
the  negative  charge  content  of  each  Nafion  compact  primary 
aggregated  particle. 

The  compatibility  of  the  solvent  with  the  Nafion  fluorocarbon 
backbones  and  the  vinylether  sulfonate  side  chains  depend  on  the 
differences  between  the  <5  of  the  solvent  (i.e.,  <5S)  and  the  <5i  of  the 


perfluorocarbon  backbones  (i.e.,  \6S  -  <5i|)  and  between  the  ds  and 
the  62  of  the  vinylether  sulfonate  side  chains  (i.e.,  \6S  -  ^l), 
respectively.  The  differences  \6S  -  <5i|  and  \6S  -  fel  are  indicators  of 
the  compatibility  of  the  solvent  with  the  fluorocarbon  backbones 
and  the  vinylether  sulfonate  side  chains,  respectively.  The  smaller 
difference  |<5S  -  <$|  indicates  higher  compatibility  of  the  solvent  with 
the  polymer.  Table  1  summarizes  the  dual  solubility  parameters  <5i 
and  62  of  Nafion  [41],  and  the  5S  and  e  of  the  IPA/water  mixture 
solvents,  which  were  calculated  from  Eqs.  (2)  and  (3),  respectively 
[18,48,49]. 

5m  =  [£coh,m/Vm]1/2=  [( ^  ^ 

Pm  =  =  EXif.1/2jWi  (3'a) 

=  [Pm/E(XiMi)]2  P'b) 

In  Eqs.  (2)  and  (3),  5m  is  the  solubility  parameter  of  the  mixture 
solvent,  Ecoh.m  the  cohesive  energy  of  the  mixture  solvent,  Vm  the 
molar  volume  of  the  mixture  solvent,  X\  the  molar  ratio  of  solvent-i, 
ECoh,i  the  cohesive  energy  of  solvent-i,  V\  the  molar  volume  of 
solvent-i,  pm  the  molar  dielectric  polarization  of  a  mixture  solvent, 
Pi  the  molar  dielectric  polarization  of  solvent-i,  em  the  dielectric 
constant  of  a  mixture  solvent,  q  the  dielectric  of  solvent-i,  and  M[ 
the  molecular  weight  of  solvent-i. 
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Fig.  4.  DLS  hydrodynamic  radius  (i?h)  for  0.6  mg  mL  1  Nafion  solutions  in  IPA/water 
mixture  solvents.  Temp  =  25  °C,  and  scattering  angle  6  =  60°.  The  numerical  values  in 
the  figure  indicate  wt.%  of  IPA  in  the  mixture  solutions. 


3.3.2.  Intermolecular  interaction  of  IPA  and  water 

Another  factor  controlling  the  morphology  of  Nafion  molecules 
in  dilute  solutions  is  the  hydrogen  bonding  interaction  between  the 
alcohol  and  water  molecules.  As  described  in  Section  3.1  and  Fig.  2, 
each  IPA  molecule  forms  a  cluster  via  hydrogen  bonding  with  3 
water  molecules  inside  the  cage  of  the  H-bond  network  of  water 
molecules  when  the  water/IPA  molar  ratio  in  the  mixture  solvent  is 
larger  than  3/1.  As  the  water/IPA  molar  ratio  of  the  mixture  solvent  is 
decreased  to  less  than  3/1  (i.e.,  [IPA]/[IPA  +  water]  >  52.6  wt.%),  the 
IPA  molecules  start  to  break  the  water  H-bond  network  structure 
and  have  the  chance  to  form  IPA-IPA  intermolecular  hydrogen 
bonds.  There  are  excess  free  water  molecules  not  bound  to  the 
IPA  molecule  in  the  mixture  solvents  when  the  water/IPA  molar 
ratio  of  the  mixture  solvent  is  larger  than  3/1  (i.e.,  [IPA]/ 
[IPA  +  water]  <  52.6  wt.%).  These  excess  H2O  molecules  form  H30+ 
ions  by  bonding  with  the  H+  ions  dissociated  from  the  Nafion  side 
chain  -SO3H  groups.  The  H30+  ion  plays  an  important  role  in  the 


Table  1 

The  calculated  5  and  e  of  IPA/water  mixture  solvents. 


[IPA]/[IPA  + 
water]  (wt.%) 

[Water]/[IPA] 
(molar  ratio) 

5S  (cal0  5  cm  1-S) 

£ 

Pure  water 

1/0 

23.4 

78.4 

20 

13.3/1 

21.2 

63.6 

40 

5/1 

19.0 

50.4 

45 

4.1/1 

18.5 

47.3 

50 

3.3/1 

17.9 

44.3 

55 

2.7/1 

17.4 

41.5 

60 

2.2/1 

16.8 

38.7 

70 

1.4/1 

15.6 

33.4 

80 

0.83/1 

14.4 

28.5 

Pure  IPA 

Nafion 

0/1 

11.8 

<5i  =  9.7  (backbone) 

52  =  17.3  (side  chain) 

19.9 

formation  of  Nafion  secondary  ionic  cluster  aggregations  via  ionic 
interaction,  i.e.,  -SO3 -[HjO]- -“03S~.  The  IPA  (i.e.,  (CH3)2CHOH) 
molecules  may  interact  with  H+  ions  and  form  (Q^CH-OHf 
ions.  However,  because  of  the  low  compatibility  of  IPA 
(<5S  =  11.8  cal0  5  cm-15)  with  the  Nafion  vinylether  sulfonic  acid  side 
chains  (<$2  =  17.3  cal0  5  cm-1,5)  and  the  low  e  value  of  IPA,  the  prob¬ 
ability  of  the  -SO3H  groups  to  dissociate  and  form  -SO3  and  H+  ions 
is  much  lower  in  the  (CH3)2CHOH  environment  than  in  the  H20 
environment.  The  larger  steric  hindrance  of  the  [(CT^CHOHj] 
ions  than  the  [H^O]  ions  also  causes  lower  interactions  of  the 
Nafion  -SO3  groups  with  the  [(CH3)2CHOHj]  ions  than  with  the 
[H^O]  ions.  Thus,  most  of  the  Nafion  compact  primary  aggregated 
particles  associate  and  form  secondary  ionic  clusters  via  — SO3  ••• 
[H^0]-_03S-  ionic  interactions  rather  than  via  -SOT--- 
[(CH3)2CHOHf  ] •  •  •  O3S—  ionic  interactions. 

3.3.3.  Nafion  molecular  morphology  in  dilute  IPA/water  solutions 

Since,  in  the  mixture  solvent,  the  maximum  number  of  H2O 
molecules  bound  to  one  IPA  molecule  through  hydrogen  bonding  is 
around  3,  we  begin  the  discussion  on  Nafion  solution  properties 
with  the  IPA/water  mixture  solvents  with  [H20]/[IPA]  molar  ratios 
of  —  2.2/1  — 3.3/1  (i.e.,  [IPA]/[IPA  +  water]  =  50-60  wt.%).  Then  we 
move  to  the  solutions  with  [H20]/[IPA]  molar  ratios  larger  than  3.3/ 
1  (i.e.,  [IPA]/[IPA  +  water]  =  20-45  wt.%).  Subsequently,  we  discuss 
the  solutions  with  [H20]/[IPA]  molar  ratios  lower  than  2.2/1 
(i.e.,  [IPA]/[IPA  +  water]  ^  70  wt.%). 

Table  1  shows  that  the  mixture  solvent  containing  55  wt.%  IPA 
has  a  <5S  =  17.4  cal0,5  cm-1,5,  which  is  close  to  the  value  of 
d2  =  17.3  cal0  5  cm-1-5  and  far  from  that  of  the  <5i  =  9.7  cal0  5  cm'1-5  of 
Nafion,  suggesting  that  this  solvent  is  more  compatible  with  the 
vinylether  side  chains  rather  than  with  the  perfluorocarbon  back¬ 
bones.  Thus,  in  this  solvent,  Nafion  molecules  aggregate  and  form 
the  primary  aggregated  particles  via  inter-polymer  perfluorocarbon 
backbone  associations  with  the  vinylether  side  chains  surrounding 
the  surfaces  of  the  aggregated  particles  and  in  contact  with  the 
solvents.  The  high  e  (e  =  41.5)  value  of  this  mixture  solvent  causes 
high  dissociation  of  the  side  chain  — SO3H  groups  to  form  negatively 
charged  -SOT  groups  on  the  surfaces  of  the  aggregated  Nafion 
particles,  which  lead  the  primary  aggregated  particles  to  form  rod¬ 
like  structures  (Fig.  3e  and  e').  When  the  IPA  concentration  of  the 
mixture  solvent  is  decreased  to  50  wt.%,  the  5S  and  e  of  the  solvent 
are  slightly  higher  than  those  of  the  solvent  containing  55  wt.%  IPA 
and  the  Nafion  molecules  in  this  solvent  have  similar  rod-like 
structure  as  those  in  the  solvent  containing  55  wt.%  IPA.  However, 
the  higher  e  value  of  the  solvent  causes  the  Nafion  molecules  in  this 
solvent  to  have  more  negatively  charged  -SOT  groups  dissociated 
from  — SO3H  groups  and  higher  Nafion  inter-polymer  negative 
charge  repulsions  than  in  the  solvent  containing  55  wt.%  IPA.  Thus 
the  Nafion  molecules  in  the  solvent  containing  50  wt.%  IPA  have 
smaller  primary  aggregations  than  in  the  solvent  containing 
55  wt.%  IPA  (Fig.  3d  and  e).  As  the  IPA  concentration  of  the  mixture 
solvent  is  increased  to  60  wt.%,  the  5S  and  e  of  this  solvent  are 
slightly  lower  than  those  of  the  mixture  solvent  containing  55  wt.% 
of  IPA.  The  TEM  micrographs  (Fig.  3f  and  e)  and  DLS  data  (Fig.  4) 
show  that  the  Nafion  primary  aggregated  particles  in  this  solvent 
have  structure  similar  to  but  with  sizes  smaller  than  those  in  the 
solvent  containing  55  wt.%  of  IPA.  The  smaller  Nafion  primary 
aggregated  particle  sizes  in  this  solvent  than  in  the  solvent  con¬ 
taining  55  wt.%  IPA  can  be  attributed  to  the  smaller  difference 
|<$s  -  di|  of  Nafion  in  this  solvent  than  in  the  solvent  containing 
55  wt.%  IPA,  which  leads  the  Nafion  perfluorocarbon  backbones  to 
be  more  compatible  with  the  solvent  containing  60  wt.%  IPA;  thus, 
smaller  primary  aggregations  in  the  solvent  containing  60  wt.%  IPA. 

As  the  IPA  concentration  of  the  mixture  solvents  decreases  from 
50  wt.%  to  20  wt.%,  more  and  more  free  water  molecules  not  bound 
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to  the  IPA  molecule  appear  in  the  solution.  The  5S  and  e  of  the 
mixture  solvent  increase  from  5S  =  17.9—21.2  cal0,5  cm-1,5  and  from 
e  =  44.3  to  63.6,  respectively.  The  difference  \5S  -  <5i|  is  larger  than 
the  difference  \8S  -  82 1,  suggesting  that  the  solvent  is  more 
compatible  with  the  Nafion  vinylether  sulfonic  acid  side  chains 
than  with  the  perfluorocarbon  backbones.  The  high  e  values  of  the 
mixture  solvents  also  cause  the  large  formation  of  negatively 
charged  -SO3  groups.  Thus,  the  Nafion  molecules  aggregate  and 
form  primary  aggregated  rod-like  structures,  as  shown  in  the  TEM 
micrographs  (Fig.  3a— c).  However,  the  increase  in  the  e  value  of  the 
mixture  solvents  also  causes  an  increase  in  the  Nafion  inter¬ 
polymer  -SO3  negative  charge  repulsions,  leading  to  a  reduction 
in  the  Nafion  primary  aggregations  when  the  IPA  concentration  of 
the  IPA/water  solvent  is  decreased,  as  shown  in  the  TEM  and  DLS 
observations  (Fig.  4).  The  decrease  of  the  IPA  concentration  of  the 
mixture  solvent  results  in  an  increase  in  the  free  water  molecules 
not  bound  to  the  IPA,  leading  to  an  increase  in  the  [H^O]  ions, 
which  facilitate  the  Nafion  primary  aggregated  particles  to  proceed 
to  secondary  ionic  aggregations  via  the  ~SOT •••[H^O]  •  _03S~ 
ionic  interaction.  Thus,  the  number  of  Nafion  compact  primary 
aggregated  particles  within  each  Nafion  loose  secondary  ionic 
aggregated  cluster  increases  with  the  decreasing  IPA  concentration 
of  the  solvents,  as  shown  in  the  TEM  and  DLS  observations. 

As  the  IPA  concentration  of  the  mixture  solvents  increases  from 
60  wt.%  to  100  wt.%,  more  and  more  IPA  molecules  break  out  from 
the  water  H-bond  network  structure  to  form  IPA— IPA  intermolec- 
ular  hydrogen  bonds  with  no  excess  free  water  molecules  appear¬ 
ing  in  the  mixture  solvents.  When  the  solvent  is  a  pure  IPA  solvent, 
the  <5S  =  11.8  cal0  5  cm-15  is  close  to  the  <5i  of  Nafion  and  the 
difference  |<5S  -  <5i|  is  smaller  than  \8S  -  <52|,  indicating  the  pure  IPA 
solvent  is  more  compatible  with  the  perfluorocarbon  backbones 
than  with  the  vinylether  sulfonic  acid  side  chains.  The  Nafion 
molecules  form  primary  coiled  particles  with  the  perfluorocarbon 
backbones  in  contact  with  the  IPA  solvent  and  the  vinylether 
sulfonic  acid  side  chains  buried  inside  the  coiled  structures,  as 
shown  in  the  TEM  micrograph  (Fig.  3i).  The  low  e  value  of  the  IPA 
causes  a  low  dissociation  of  the  Nafion  -SO3H  groups  and  thus  low 
negatively  charged  -SO3  groups  on  the  polymer  chains.  Few 
secondary  ionic  aggregated  clusters  and  primary  rod-like  Nafion 
aggregated  particles  appear  in  the  pure  IPA  solvent. 

For  mixture  solvents  with  the  IPA  concentration  of  ~70- 
80  wt.%,  which  is  in  a  solvent  region  between  the  maximum 
solvent  viscosity  ([H20]/[IPA]  =  —  2.2/1— 3.3/1  molar  ratio)  and  the 
pure  IPA  solvent,  the  difference  |<5S  -  <5i|  decreases  with  increasing 
the  IPA  concentration  of  the  mixture  solvent.  As  the  IPA  concen¬ 
tration  of  the  mixture  solvent  is  near  70  wt.%,  the  difference  |<5S  -  <$1 1 
is  still  larger  than  \8S  -  <52|;  the  Nafion  molecules  aggregate  via 
perfluorocarbon  backbone  associations  to  form  primary  aggregated 
particles.  However,  the  low  £  value  of  this  solvent  causes  a  low 
negatively  charged  -SOT  groups  forming  on  the  polymer  chains. 
Few  rigid  rod-like  Nafion  particles  are  observed  in  this  solvent 
(Fig.  3g).  When  the  IPA  concentration  of  the  mixture  solvent  is  close 
to  80  wt.%,  which  means  there  are  more  IPA  molecules  than  water 
molecules,  the  Nafion  molecules  have  a  greater  chance  of  coming  in 
contact  with  IPA  molecules  than  with  water  molecules,  leading  the 
conformation  of  the  Nafion  molecules  to  be  similar  to  that  of  Nafion 
molecules  in  the  pure  IPA  solvent  (a  coiled  structure  conformation 
as  shown  in  the  TEM  micrographs  (Fig.  3h  and  h').  TEM  (Fig.  3g  and 
h)  and  DLS  (Fig.  4)  studies  show  that  the  size  of  the  Nafion  primary 
aggregated  particles  decreases  with  the  increasing  IPA  concentra¬ 
tion  of  the  mixture  solvent  from  70  to  80  wt.%  and  is  smaller  than 
that  in  the  mixture  solvents  containing  less  than  70  wt.%  of  IPA,  due 
to  the  better  compatibility  of  the  Nafion  perfluorocarbon  backbones 
with  the  solvent  having  a  higher  IPA  content.  The  low  negatively 
charged  -SO3  group  content  on  the  polymer  chains,  also  retards 


the  formation  of  secondary  ionic  aggregations.  Thus,  few  secondary 
ionic  aggregated  clusters  are  observed  in  these  solutions  as  shown 
in  the  TEM  and  DLS  observations. 

3.4.  Pt-ECSAs  of  the  Pt-C/Nafion  GDEs 

The  CL  of  the  GDE  consists  of  Pt— C  and  Nafion  ionomer.  The 
Nafion  ionomer  extends  the  Pt  three-dimensional  reaction  zone 
and  increases  the  catalyst  utilization.  The  presence  of  the  Nafion 
ionomer  aids  proton  transport  in  the  CLs;  however,  over-loading  of 
Nafion  in  the  CLs  results  in  high  shielding  of  Pt  particles  by  Nafion 
ionomer  and  retards  the  H2  and  02  gases  reaching  the  Pt  particles 
for  electrochemical  reactions.  Several  research  groups  have  evalu¬ 
ated  the  Nafion  ionomer  content  of  CLs  using  CV  analyses  and  fuel 
cell  tests  [50,51  ].  Passalacqua  et  al.  [50]  and  Qi  et  al.  [51  ]  reported  an 
optimum  Nafion  content  in  CLs  of  around  30—33  wt.%.  However, 
they  did  not  reported  on  the  influence  of  the  solvent  of  the  catalyst 
ink  solutions  on  the  fuel  cell  performance.  In  this  study,  all  the 
catalyst  ink  solutions  were  prepared  with  a  fixed  [Pt— C]/[Nafion] 
wt.  ratio  of  2.3/1  (see  Section  2.5).  Thus,  the  Nafion  content  in  the 
CL  of  each  sample  was  fixed  at  ~30  wt.%.  The  Pt-ECSAs  of  the  Pt— C/ 
Nafion  GDEs  prepared  from  IPA/water  solutions  containing  20— 
80  wt.%  IPA  were  investigated  using  CV  in  deaerated  0.5  M  H2S04 
solution.  Fig.  5  shows  the  cyclic  voltammograms  of  these  electrodes 
recorded  at  room  temperature.  The  Pt-ECSA  of  each  sample  was 
calculated  from  the  measuring  charges  collected  in  the  hydrogen 
adsorption/desorption  region  assuming  a  value  of  210  mC  cm-2  for 
the  adsorption  of  a  hydrogen  monolayer  [43,44,52].  The  calculated 
Pt-ECSA  data  of  these  GDEs  were  plotted  against  the  [IPA]/ 
[IPA  +  water]  wt.  ratio  of  the  mixture  solvent  of  the  catalyst  ink 
solutions  (Fig.  6a).  As  shown  in  the  figure,  the  Pt-ECSA  value  of 
the  electrode  decreases  with  the  increase  in  the  IPA  concentration 
of  the  mixture  solvent  and  has  a  plateau  region  at  the  [IPA]/ 
[IPA  +  water]  wt.  ratio  of  0.45-0.60  (i.e.,  [water]/[IPA]  =  4/1 -2/1 
molar  ratio),  which  corresponds  to  the  maximum  viscosity  region 
of  the  IPA/water  mixture  solvents,  as  shown  in  Fig.  1.  The  compo¬ 
sition  of  the  IPA/water  solvents,  and  thus  the  morphology  of  the 
Nafion  molecules  in  the  catalyst  ink  solutions,  clearly  has  a  strong 
influence  on  the  microstructure  of  the  Nafion  thin  film  of  the  Pt— C/ 
Nafion  CL  coating  on  the  surface  of  the  carbon  paper  GDL.  Thus,  the 
Pt-ECSA  of  a  Pt-C/Nafion  GDE  strongly  depends  on  the  solvent 
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Fig.  5.  Cyclic  voltammetry  (CV)  curves  of  Pt-C/Nafion  GDEs  prepared  from  various 
IPA/water  mixture  solvents.  Wt.%  of  IPA  in  the  IPA/water  mixture  solvents:  (+)  20  wt.%; 
( <1 )  40  wt.%;  ( > )  45  Wt.%:  ( A )  50  Wt.%:  ( V )  55  Wt.%:  ( O )  60  wt.%:  ( □ )  70  wt.%:  ( o ) 
80  wt.%. 
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Fig.  6.  Plots  of:  (a)  CV  test  Pt-ECSA  data;  (b)  fuel  cell  test  PDmax  data;  (c)  CL  impedance 
Rc  data  versus  the  [IPA]/[IPA  +  water]  wt.  ratio  of  the  mixture  solvents  of  the  Pt — C/ 
Nation  catalyst  ink  solutions  for  Pt-C/Nafion  GDEs  fabrication. 


composition  of  the  Pt-C/Nafion  catalyst  ink  solutions  for  CL 
fabrication. 

3.5.  PEMFC  unit  cell  tests  and  impedance  studies  of  the  MEAs 

The  MEAs  prepared  from  the  Nafion-212  membrane  with  CLs 
fabricated  using  IPA/water  solvents  consisting  of  various  IPA 
concentrations  were  used  for  unit  fuel  cell  performance  tests  at 
80  °C  with  humidified  H2/02  gases.  Fig.  7  illustrates  the  fuel  cell  test 
i— V  curves  of  these  MEAs.  The  maximum  power  density  (PDmax)  of 
each  MEA  is  calculated  from  its  i— V  data  (Table  2)  and  plotted 
against  the  IPA  concentration  of  the  IPA/water  solvent  of  the  Pt-C/ 
Nation  catalyst  ink  solutions,  as  shown  in  Fig.  6b.  The  results  show 
that  the  PDmax  and  Pt-ECSA  have  the  same  dependence  on  the  IPA 
concentration  of  the  IPA/water  solvent  of  the  Pt-C/Nafion  catalyst 
ink  solution.  Both  the  PDmax  and  Pt-ECSA  values  decrease  with  the 
increasing  IPA  concentration  of  the  IPA/water  mixture  solvent  and 
have  a  plateau  region  at  an  IPA  concentration  of  -  45-60  wt.%  of 
the  mixture  solvent  (i.e.,  [H20]/[IPA]  -  3/1  molar  ratio). 

AC  impedance  measurements  were  also  carried  out  to  investi¬ 
gate  the  resistance  of  the  CLs  of  the  MEAs  prepared  from  various 
IPA/water  mixture  solvents.  The  AC  impedance  diagrams  were 
simulated  using  a  Randles  equivalent  circuit  consisting  of  a  resis¬ 
tance  Rs,  representing  the  total  non-electrode  cell  ohmic  resistance 
in  series,  with  cathode  charge  transfer  resistance  Rc ,  which  is 
parallel  with  capacitive-like  element  Cd,  representative  of  the 
electrode  double  layer  [53].  In  a  fuel  cell,  the  main  contribution  to 


Fig.  7.  Polarization  curves  of  PEMFCs  with  MEAs  prepared  from  catalyst  ink  solutions 
containing  IPA/water  mixture  solvents  with  various  IPA  concentrations.  Wt.%  of  IPA  in 
the  IPA/water  mixture  solvents:  (+)  20  wt.%;  (<)  40  wt.%;  (>)  45  wt.%;  (A)  50  wt.%; 
( V )  55  wt.%;  ( O )  60  wt.%;  ( □ )  70  wt.%;  (0)80  wt.%. 

Rs  (high  frequency  resistance)  comes  from  the  proton  transport 
resistance  of  the  membrane.  Fig.  8  shows  the  AC  impedance 
diagrams  obtained  at  constant  current  i  =  1000  mA  cm-2  for  MEAs 
with  Pt— C/Nafion  CLs  prepared  from  IPA/water  solvents  containing 
various  concentrations  of  IPA.  Table  2  lists  the  Rs  and  Rc  values  in 
the  impedance  diagrams  simulated  using  a  Randles  equivalent 
circuit.  Fig.  8  and  Table  2  show  that  the  Rs  value  does  not  change 
significantly  with  the  IPA  concentration  of  the  solvents  of  the  Pt— C/ 
Nation  catalyst  ink  solutions  for  MEA  CL  fabrication,  because  the 
same  membrane  (i.e.,  Nafion-212  membrane)  and  the  same  cell  and 
flow  field  were  used  in  fuel  cell  tests.  The  difference  in  the  fuel  cell 
performance  of  these  MEAs  mainly  comes  from  the  difference  in 
the  Rc  values  of  the  MEAs.  The  variation  in  the  Rc  value  versus  the 
IPA  concentration  of  the  IPA/water  solvents  of  the  Pt— C/Nafion 
catalyst  ink  solution  is  also  given  in  Fig.  6c,  which  shows  that  Rc 
increases  with  the  increasing  IPA  concentration  of  the  IPA/water 
solvent  of  the  catalyst  ink  solution  and  has  a  plateau  region  at  an 
IPA  concentration  of  -45-60  wt.%,  which  is  in  consistent  with  the 
Pt-ECSA  (Fig.  6a)  and  fuel  cell  PDmax  (Fig.  6b)  data. 

3.6.  Morphology  of  the  Pt-C/Nafion  layer  of  the  GDEs 

All  the  samples  used  in  CV  Pt-ECSA,  fuel  cell  i—V ,  and  impedance 
measurements  were  prepared  by  ultrasonic  spraying  of  the  Pt-C/ 
Nation  catalyst  ink  solutions  on  the  GDLs,  with  fixed  Pt-C  and 
Nation  loadings.  The  difference  among  these  samples  is  in  the  IPA/ 
water  composition  of  the  Pt— C/Nafion  catalyst  ink  solutions  used  in 


Table  2 

Rs  and  Rc  impedance  and  fuel  cell  test  PDmax  data  of  the  MEAs  prepared  from  IPA/ 
water  mixture  solvents  containing  various  concentrations  of  IPA. 


[IPA]/[IPA  +  water] 
(wt.%) 

Rs  (Q  cm2) 

Rc  (Q  cm2) 

PDmax  (mW  cm  2) 

20 

0.078 

0.103 

899 

40 

0.083 

0.137 

757 

45 

0.087 

0.157 

675 

50 

0.087 

0.177 

663 

55 

0.087 

0.170 

629 

60 

0.085 

0.160 

628 

70 

0.087 

0.227 

542 

80 

0.090 

0.229 

540 
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Fig.  8.  AC  impedance  diagrams  of  MEAs  obtained  at  a  constant  current 
i  =  1000  mA  cm-2.  The  Pt-C/Nafion  CLs  of  the  MEAs  were  prepared  from  IPA/water 
mixture  solvents  containing  various  concentrations  of  IPA.  Wt.%  of  IPA  in  the  IPA/water 
mixture  solvents:  (+)  20  wt.%;  (<)  40  wt.%;  (>)  45  wt.%;  (A)  50  wt.%;  ( v)  55  wt.%; 
(O)  60  wt.%;  (□)  70  wt.%;  (0)80  wt.%. 

ultrasonic  spraying.  The  IPA/water  composition  of  the  Pt— C/Nafion 
catalyst  ink  solutions  plays  the  key  role  in  determining  the 
morphology  of  the  Nation  ionomer  thin  layer  in  the  CLs  and  thus 
the  Pt-ECSA,  RCt  and  PDmax  of  the  MEAs.  Further  investigation  of  the 
influence  of  the  composition  of  the  IPA/water  solvent  of  the  Pt— C/ 
Nation  catalyst  ink  solutions  on  the  morphology  of  the  Pt— C/Nafion 
CLs  was  carried  out  using  FESEM.  The  samples  used  in  the  FESEM 
observations  were  the  same  as  those  used  in  the  CV  Pt-ECSA 
studies. 

Fig.  9  shows  the  FESEM  micrographs  of  the  Pt-C/Nafion  thin 
layer  of  the  GDE  samples,  which  were  prepared  from  Pt— C/Nafion— 
IPA/water  ink  solutions  with  solvents  containing  20-80  wt.%  IPA. 
The  micrograph  of  the  Pt-C  particles  dispersed  on  GDL  surface 
without  the  Nation  resin  (which  was  prepared  by  spraying  a  layer  of 
Pt-C/acetone  solution  on  the  GDL  surface  and  then  evaporating  the 
acetone  solvent)  is  also  shown  in  Fig.  9i  for  reference.  These 
micrographs  clearly  show  the  carbon  powder  supports  (gray  parti¬ 
cles  with  diameters  of  -60-80  nm)  with  Pt  particles  (bright  spots 
with  diameters  of  less  than  5  nm)  dispersed  on  their  surfaces.  These 
micrographs  show  that  the  number  of  visible  Pt  particles  on  the 
surfaces  of  the  carbon  powder  supports  decreases  with  the 
increasing  IPA  concentration  of  the  IPA/water  solvents  of  the  Pt-C/ 
Nation  catalyst  ink  solutions.  The  number  of  visible  Pt  particles  of 
the  Pt— C/Nafion  GDEs  prepared  from  the  solvents  containing 
20  wt.%  IPA  (Fig.  9h)  is  similar  to  that  of  the  Pt-C  particles  on  the  GDL 
without  Nation  (Fig.  9i).  However,  the  number  of  visible  Pt  particles 
decreases  as  the  IPA  concentration  of  the  solvent  increases  from 
20  wt.%  to  80  wt.%  (Fig.  9h-a).  Obviously,  some  of  the  Pt  particles 
were  shielded  by  the  Nation  ionomer  layer  covering  the  surfaces  of 
the  carbon  powder  supports  and  are  not  visible  in  the  FESEM 
micrographs.  The  number  of  non-visible  Pt  particles  shielded  by  the 
Nation  film  increases  with  the  increasing  IPA  concentration  of  the 
IPA/water  solvents  of  the  Pt-C/Nafion  catalyst  ink  solutions. 

The  Pt— C/Nafion  catalyst  ink  solutions  used  in  fabricating  GDEs 
for  CV  and  fuel  cell  tests  have  a  Pt-C/Nafion/ [IPA  +  water]  wt.  ratio 
of  2.3/1/327;  these  are  dilute  solutions  with  a  Nation  concentration 
of  less  than  0.6  mg  mL-1.  Using  the  Nation  molecular  weight  of 
2.5  x  105  g  mol-1  [54]  and  the  carbon  powder  density  of  2.1  g  cm-3, 
we  obtained  -940  Nation  polymer  chains  shared  by  one  Pt— C 
(Pt  content  38  wt.%)  particle  in  the  Pt-C/Nafion  catalyst  ink 


solution  when  the  Pt— C/Nafion  wt.  ratio  was  2.3/1.  Comparing  the 
FESEM  micrographs  of  the  Pt-C/Nafion  layer  on  the  GDL  (Fig.  9) 
with  the  TEM  micrographs  of  the  Nation  particles  frozen  from  the 
dilute  solutions  containing  various  concentrations  of  IPA  (Fig.  3) 
and  the  DLS  Nation  particle  size  Rh  distributions  in  the  dilute 
solutions  (Fig.  4),  we  found  that  the  diameter  D  of  the  carbon 
powder  support  of  a  Pt-C  particle  was  smaller  than  that  of  the 
Nation  particles  in  the  IPA/water  solutions  containing  70-80  wt.% 
of  IPA.  When  the  IPA  concentration  of  the  IPA/water  solvent  is  at 
50-60  wt.%,  the  Nation  molecules  have  rod-like  structures  with  the 
rod  width  W  shorter  than  the  D  of  the  carbon  powder  supports  and 
the  rod  length  L  longer  than  the  D  of  the  carbon  powder  supports. 
When  the  IPA  concentration  of  the  IPA/water  solvent  decreases 
from  50  wt.%  to  20  wt.%,  both  the  W  and  L  of  the  Nation  primary 
rod-like  particles  decrease,  but  the  degree  of  the  secondary  ionic 
aggregation  and  the  size  d  of  the  secondary  ionic  aggregated 
clusters  increase.  The  sizes  d  of  the  secondary  aggregated  clusters 
are  larger  than  the  sizes  D  of  the  carbon  powders.  Fig.  lOa-c  shows 
the  dispersion  of  Nation  particles  on  the  surfaces  of  the  Pt-C 
particles  in  the  dilute  solutions  with  the  IPA  concentrations  of  the 
mixture  solvents  at  70—80  wt.%,  50—60  wt.%,  and  20-45  wt.%, 
respectively.  Fig.  10a'— c'  are  the  Pt-C/Nafion  thin  layers  depos¬ 
ited  on  the  surface  of  GDLs,  which  were  prepared  by  ultrasonic 
spraying  the  Pt-C/Nafion  catalyst  ink  solutions  of  Fig.  lOa-c, 
respectively,  on  the  surface  of  GDLs.  In  the  mixture  solvents  con¬ 
taining  —  70-80  wt.%  of  IPA,  the  small,  flexible,  and  low  negative 
charged  Nation  particles  are  easy  to  disperse  and  contact  on  the 
surface  of  the  carbon  powder  (Fig.  10a).  It  is  possible  that  the  Pt-C 
particles  are  shielded  by  more  than  one  layer  of  Nation  ionomer 
after  they  are  sprayed  on  the  surface  of  GDL,  because  of  the  sharing 
of  940  Nation  polymers  by  one  Pt-C  particle.  After  the  catalyst  ink 
solutions  are  ultrasonic  sprayed  and  deposited  on  the  surface  of 
GDL,  the  small,  flexible,  and  low  negative  charge  Nation  particles 
which  are  not  in  touching  with  Pt-C  particles  in  the  solutions 
(Fig.  10a)  smoothly  lie  down  and  in  contact  with  the  surfaces  of  the 
Pt-C  particles  with  few  voids  appearing  between  the  interface  of 
the  Nation  layer  and  Pt-C  particles  (Fig.  10a').  Most  of  the  Pt 
particles  on  the  surfaces  of  the  carbon  powders  are  shielded  by  the 
Nation  ionomer  for  the  GDEs  prepared  using  the  catalyst  ink 
solutions  containing  70—80  wt.%  of  IPA.  However,  because  of  the 
large  steric  hindrance  and  high  negative  charge  of  the  large 
Nation  aggregated  rigid  rod-like  particles  in  the  solutions  con¬ 
taining  60-20  wt.%  IPA,  there  are  obstacles  to  the  deposition  of 
these  large,  rigid,  and  highly  negatively  charged  Nation  particles  on 
the  surfaces  of  the  Pt-C  particles  when  some  rigid  and  large  Nation 
aggregated  particles  have  previously  been  deposited  on  the  Pt— C 
particle  surfaces  (Fig.  10b'  and  c').  These  obstacles  increase  with 
the  Nation  particle  sizes  and  negative  charge  content.  Fig.  10b'  and 
c'  shows  the  large,  rigid,  and  highly  negatively  charged  Nation 
particles  which  are  not  in  contact  with  the  Pt-C  particles  in 
the  solutions  (Fig.  10b  and  c)  lie  down  and  touch  the  surfaces  of  the 
Pt-C  particles  with  large  voids  appearing  between  the  interface  of 
the  Nation  layer  and  Pt— C  particles  after  the  catalyst  ink  solutions 
are  ultrasonic  sprayed  and  deposited  on  the  surface  of  GDLs.  Thus, 
the  number  of  Nation  ionomer  layers  in  contact  on  the  surface  of 
the  Pt-C  particles  decreases  and  the  number  of  the  Pt  particles  not 
shielded  by  the  Nation  ionomer  increases  with  the  decreasing  IPA 
concentration  of  the  IPA/water  solvent  in  the  Pt— C/Nafion  catalyst 
ink  solutions.  Hence,  the  Pt-ECSA  and  fuel  cell  performance 
increase  with  the  decreasing  IPA  concentration  of  the  IPA/water 
solvents  of  the  Pt-C/Nafion  catalyst  ink  solutions  for  CL  fabrica¬ 
tions.  The  increase  in  fuel  cell  performance  with  decreasing  IPA 
concentrations  of  the  IPA/water  solvents  of  the  Pt-C/Nafion  cata¬ 
lyst  ink  solutions  can  also  be  attributed  to  the  increase  in  the 
negatively  charged  -SOT  groups  located  on  the  surfaces  of  the 
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Fig.  9.  FESEM  micrographs  (3  x  105;  the  scale  bar  is  10  nm)  of  the  Pt-C/Nafion  layer  on  the  surface  GDL.  [Pt-C]/[Nafion]  =  2.3/1  by  wt.  The  gray  particles  with  diameters 
of  ~  60-80  nm  are  carbon  powders,  and  the  bright  spots  with  sizes  <5  nm  are  Pt  particles.  The  IPA  concentrations  of  the  Pt-C/Nafion  catalyst  ink  solutions  for  CL  fabrications 
are:  (a)  80  wt.%;  (b)  70  wt.%;  (c)  60  wt.%;  (d)  55  wt.%;  (e)  50  wt.%;  (f)  45  wt.%;  (g)  40  wt.%;  (h)  20  wt.%  IPA;  (i)  Pt-C  on  GDL  without  Nation. 


Fig.  10.  Top  row:  the  Pt-C/Nafion  dilute  IPA/water  solutions,  in  which  the  IPA  concentration  in  the  mixture  solvents  is:  (a)  70-80  wt.%  IPA;  (b)  50-60  wt.%  IPA;  (c)  20-45  wt.%  IPA. 
Bottom  row:  the  Pt-C/Nafion  layer  ultrasonic  sprayed  on  the  surface  of  carbon  paper  GDL  after  evaporating  the  solvent.  The  IPA  concentrations  of  the  IPA/water  mixture  solvents  of 
Pt-C/Nafion  catalyst  ink  solutions  used  for  preparing  GDEs  are:  (a')  70-80  wt.%  IPA;  (b')  50-60  wt.%  IPA;  (c')  20-45  wt.%  IPA. 
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Nafion  particles  as  the  water  concentration  of  the  solvents 
increases,  which  raises  the  possibility  for  the  Pt  particles  to  come  in 
contact  with  the  -SO3  groups,  thus  facilitating  the  transference  of 
H+  ions,  which  are  generated  from  the  electrochemical  catalytic 
reaction  on  the  surfaces  of  Pt  particles  in  the  CLs. 

4.  Conclusions 

This  study  investigated  the  Nafion  molecular  morphology  in 
dilute  IPA/water  solutions  containing  20-80  wt.%  of  IPA  and  the 
morphology  of  the  Pt— C/Nafion  layer  in  GDEs  using  TEM,  DLS, 
and  FESEM.  The  Nafion  molecules  were  found  to  form  primary 
aggregated  particles  via  inter-fluorocarbon  backbone  aggregations 
(20-60  wt.%  IPA),  and  these  primary  aggregated  particles  may 
form  secondary  ionic  clusters  via  inter-sulfonate  ionic  aggregations 
(20-45  wt.%  IPA)  in  dilute  IPA/water  solutions.  The  structure  of  the 
primary  aggregated  particles  changes  from  rod-like  to  coil-like 
when  the  IPA  concentration  of  the  solvent  is  above  70  wt.%. 
Regarding  the  primary  and  secondary  aggregations,  we  may 
conclude  that  the  Nafion  aggregated  particle  sizes  in  the  dilute 
solutions  decrease  with  the  increasing  IPA  concentration  of  the  IPA/ 
water  solvents.  The  FESEM  observations  and  CV  measurements  of 
the  GDEs  showed  that  both  the  number  of  Pt  particles  not  shielded 
by  Nafion  ionomers  and  the  Pt-ECSA  of  the  CLs  increased  with  the 
decreasing  IPA  concentration  of  the  IPA/water  solvents  of  the  Pt— C / 
Nafion  ink  solutions  for  CL  fabrication.  The  fuel  cell  tests  of  the  MEAs 
also  showed  that  the  performance  increased  as  the  IPA  concentra¬ 
tion  of  the  IPA/water  solvents  of  the  Pt-C/Nafion  ink  solutions  for  CL 
fabrications  decreased  from  80  wt.%  to  20  wt.%.  These  results  sug¬ 
gested  that  the  Pt-ECSA  of  the  CL  and  the  fuel  cell  performance  of  the 
MEA  strongly  depend  on  the  composition  of  the  IPA/water  solvent  of 
the  Pt-C/Nafion  catalyst  ink  solutions  for  CL  fabrication.  A  lower  IPA 
content  in  the  IPA/water  solvent  of  the  Pt— C/Nafion  catalyst  ink 
solutions  results  in  the  formation  of  larger  and  higher  negatively 
charged  Nafion  aggregated  particles,  which  leads  to  higher  steric 
hindrance  and  higher  charge  repulsion  of  the  deposition  of  Nafion 
particles  on  the  surface  of  Pt-C  particles  and  thus  a  thinner  Nafion 
film  in  contact  on  the  surfaces  of  the  Pt-C  particles.  The  thinner 
Nafion  film  in  contact  with  the  Pt  particles  in  the  CL  of  MEAs 
increases  the  chances  of  the  Pt  particles  to  come  in  contact  with  the 
input  H2/O2  fuel  gases  and  thus  enhances  the  generation  of  H+  ions 
on  the  Pt  particle  surfaces  in  the  CL,  leading  to  higher  fuel  cell 
performance. 
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